ABSTRACT This paper aims to clarify the accuracy of a method for assessing the power density in close proximity to a wireless communication device operating above 6 GHz for the assessment of compliance with radio-frequency exposure guidelines. We focused on a near-field reconstruction technique that estimates the power density in close proximity to a wireless communication device using the results of electric field measurement at a plane several wavelengths away from the device. In this paper, the reconstruction technique was first validated by comparing the results evaluated using this technique with those obtained by computational simulation for the case of a standard horn antenna. Second, the reconstruction errors of the technique were assessed using ten planar array antennas at frequencies from 15 to 100 GHz. Reconstruction errors no larger than 0.35 dB were obtained for the maximum spatially averaged power density at a separation distance of over 0.15λ from the antennas using an averaging area of λ 2 or larger, where λ denotes the wavelength. Finally, the requirement for electric field measurement was also examined, where the combined error for the compliance assessment of the power density was suggested for an actual testing scenario. These results support the standardization of compliance assessment techniques for wireless communication devices operating above 6 GHz, which are expected to be introduced in the near future.
I. INTRODUCTION
The continuous growth of wireless data traffic is expected with the development of high-speed wireless communication technologies operating at frequencies above 6 GHz. A wireless communication system using the 60 GHz band (called WiGig or IEEE802.11ad) is now commercially available, and the use of frequencies from 6 to 100 GHz is expected in the fifth-generation (5G) mobile and wireless communication technologies. Expansion of the technologies operating above 6 GHz may lead to public concern about the health risk of electromagnetic field exposure. The international guidelines of ICNIRP [1] and the international standards of IEEE/ICES [2] recommend exposure limits, using power density as the measure, in frequency ranges of 10-300 GHz and 3-300 GHz, respectively, to protect humans from the excessive temperature elevation of surface tissues. In this regard, recent papers have reported precise dosimetric studies that assess the temperature elevation due to exposure at such higher frequencies [3] - [5] .
Methods for assessing the compliance of wireless devices with the exposure limits by the international guidelines/ standards or national regulations are required to ensure the safe use of new wireless communication technologies. Furthermore, wireless communication devices, such as mobile phones, tablets, and wearable antennas, are used near the human body. Therefore, the power density in close proximity to a device should be evaluated to ensure its compliance with exposure limits. The power density S crossing a sufficiently small area dA is defined using the Poynting vector as
where E, H * , r, and n are the electric field phasor, the complex conjugate of the magnetic field phasor, the Cartesian coordinates (x, y, z), and the unit normal vector of dA, respectively. This implies that the assessment of both electric fields (E-fields) and magnetic fields (H-fields) is required to derive the power density. Although the method of compliance assessment requires a system with accuracy, reproducibility, and a reasonable cost, it may be difficult to measure both E-and H-fields in close proximity to a device. This is because the effect of coupling or the multiple-reflection effect between the device under test (DUT) and the measurement probe perturbs the field distribution and deteriorates the measurement accuracy. Furthermore, the measurement of the volumetric region will require an enormous time in the compliance assessment. With this background, we have been focusing on a nearfield reconstruction technique [6] , [7] that estimates the power density distribution in close proximity to an antenna from the measured E-field on a plane several wavelengths away from the DUT, where the separation distance is sufficiently far to ignore the effect of coupling or the multiplereflection effect between the DUT and the measurement probe (see Fig. 1 ). This technique simplifies the measurement process for the power density, and a conventional measurement instrument, such as a field measurement system with an open-ended waveguide probe, can be used for the measurement with reliable accuracy, reproducibility, and a reasonable measurement time. However, the applicability and accuracy of this technique have not been sufficiently investigated for the assessment of the power density in close proximity to a DUT.
This study aims to clarify the applicability and limitations of the reconstruction technique for the compliance assessment of wireless technologies operating in quasi-millimeterwave (quasi-MMW) and MMW bands. The results obtained support the standardization of the test procedures for wireless communication devices used in close proximity to the human head/body and operated above 6 GHz, which are expected to become widespread in the near future.
II. RECONSTRUCTION TECHNIQUE
The reconstruction technique is based on the plane wave representation of an electromagnetic wave [8] , [9] , which is commonly used to reconstruct a far-field antenna pattern from a near-field measurement [7] . Fig. 1 shows a schematic view of power density assessment in close proximity to a device using this technique. This technique back-projects (or backtransforms) the E-and H-fields at an evaluation plane from the amplitude and phase of the E-or H-field vector components tangential to the measurement plane at z = z 0 , as shown in Fig. 1 .
The reconstruction of the E-field in the phasor E is derived using the following formula [7] :
where k denotes the wavenumber vector in Cartesian coordinates (x, y, z):
A is the E-field in the wavenumber domain defined as
k z is derived as follows under the assumption of k z ≥ 0:
where k 0 denotes the wavenumber in vacuum, which is obtained by dividing 2π by the wavelength λ. After deriving A using the measured E x and E y on the measurement plane, the E-fields on the evaluation plane are reconstructed using Eq. (2). In addition, the H-fields on the evaluation plane can be derived from Faraday's law of induction using the reconstructed E-fields. Evanescent modes, which may dominate in close proximity to an antenna, are theoretically represented in the wavenumber domain if the Nyquist limit is satisfied for the fields on the measurement plane. In an actual measurement, the contribution of the evanescent modes to the fields on the measurement plane cannot be accurately determined when the measurement plane is several wavelengths away from the DUT antenna; these modes exponentially attenuate with increasing separation distance and are usually below the noise floor when the separation distance is over five wavelengths [7] . In this study, we set the separation distance of the measurement plane as five wavelengths from the antenna. Thus, the evanescent components of A(k x , k y ) are approximated as zero in the post processing in our nearfield reconstruction algorithm. This implies that the accuracy of near-field reconstruction deteriorates, especially when the evanescent modes of electromagnetic fields are dominant in the evaluation plane, such as the region of the reactive near field.
III. VALIDITY TESTING
Power densities derived from the measurement using the near-field reconstruction technique are first validated by comparison with those obtained by computational simulation using a standard wave source. In an actual compliance test for devices operating over 6 GHz, a system check and system validation using a standard wave source should be performed [6] ; such a procedure has been performed in the compliance test for devices operating at the frequencies of 6 GHz and lower [10] , [11] . Therefore, it is essential to present the difference between the power density reconstructed from measurement results using the technique and that obtained by computational simulation.
A. EXPERIMENTAL SETUP
The standard wave source should have well mechanical stability for the measurement conditions and it should have a simple mechanical structure to minimize the numerical modeling error due to the mismatch between the structures in the measurement and computation [10] , [11] . For these reasons, a conical horn antenna (QWH-VCRROO, Quinstar Inc.) was used in this study. Here, the E-field distribution of the antenna to be used for the near-field reconstruction procedure was obtained by the following steps. Firstly, the field distributions of E x and E y were measured using a measurement system with a waveguide probe (NSI2000, Nearfield Inc.) at 60 GHz. The measurement plane was set as the x-y plane over an area of 120 × 120 cm 2 with 2 mm resolution at a separation distance of 5λ (25 mm) from the antenna aperture. Secondly, the absolute amplitude of the E-field in the main polarization direction (E y ) was measured using a power sensor (V8486A, Keysight Technologies) connected to the waveguide probe. The second step was used to measure the absolute amplitude accurately using the calibrated power sensor and probe.
The power density averaged over a square area of A [cm 2 ], denoted as S A [W/m 2 ], was used hereafter,
The value of S A evaluated using the near-field reconstruction technique based on the measurement data was compared with that derived by a computational simulation using commercial software employing the method of moments (FEKO ver.2017).
B. RESULTS OF VALIDITY TEST
Fig . 2 shows the maximum values of S A with an averaging area of A = 1 cm 2 at separation distances from the antenna from 0.2λ to 5λ (1 to 25 mm). Note that A was set considering the values in the ICNIRP guidelines [1] . The vertical and horizontal axes of the figures are the maximum S 1cm 2 with an antenna input power of 0 dBm and the separation distance d from the antenna, respectively. The red and black lines in the figures denote S 1cm 2 derived with the near-field reconstruction technique using the measured E-field distributions obtained by measurement and that derived from the computational simulation, respectively. Here, we also show S 1cm 2 derived using the near-field reconstruction technique based on the computational simulation, where S 1cm 2 was reconstructed from the E-field distributions at a separation distance of 5λ (25 mm) from the antenna aperture (measurement plane) obtained by computational simulation.
The maximum S 1cm 2 reconstructed from the measurement was within 0.35 dB of that obtained from the computational simulation (Fig. 2) . The required agreement between values obtained by measurement and computational simulation for standard antennas is within 10% in a system check and system validation procedures for compliance assessment for devices operating at frequencies up to 6 GHz [10] , [11] . Referring to the requirement in the international standards, the agreement between results obtained by measurement and computational simulation is satisfactory within the range of 0.2λ
The values of S 1cm 2 obtained by the measurement include the uncertainties in the measurement of the E-field at the measurement plane and the error of the near-field reconstruction technique. The results obtained by the computational simulation include the numerical modeling error. To separate the errors of near-field reconstruction and numerical modeling, the reconstruction error was estimated using the following equation:
where S Rec A and S Ref A are the maximum S A obtained by near-field reconstruction and the reference value obtained by computational simulation, respectively. Fig. 2 shows that the maximum S 1cm 2 obtained by the computational simulation (black solid line) is in good agreement with that obtained from the field distributions using the near-field reconstruction VOLUME 7, 2019 technique by the computational simulation (blue dotted line); the reconstruction errors are no larger than 0.1 dB. Thus, it is expected that the reconstruction errors are slightly lower than the errors originating from other factors, e.g., the measurement uncertainty and/or numerical modeling error.
IV. ERRORS OF THE NEAR-FIELD RECONSTRUCTION TECHNIQUE
The near-field reconstruction error defined by (8) was comprehensively assessed for several planar antennas by computational simulation. Here, the contribution of the accuracy of the E-field measurement to the result of reconstruction is not considered in order to separate the reconstruction error and other error/uncertainty factors relevant to the measurement. 
A. ANTENNAS UNDER TEST
The power densities radiating from several antennas were simulated using the method of moments [12] with an original code. The assessment was conducted at 15, 30, 60, and 100 GHz, covering the range of frequencies to be used in wireless communication technologies, such as the considerable frequency range of 5G systems [13] - [17] , WiGig products [18] , and automotive radars [19] . Ten array antennas with up to eight patch elements, as listed in Table 1 , were used in this study. Here, N and M denote the numbers of antenna elements along the x-and y-axes, respectively, and D denotes the antenna length (see Fig. 3 ). Fig. 3 shows a schematic view of a 2×2 array antenna, i.e., 4#1 in Table 1 , as an example. Antennas were modeled by connecting patch elements to the ground plane by wires, and the feed port was set at the center of the wire. The dimensions of the patch antenna and the separation distance between adjacent elements were fixed as a function of wavelength λ, and the applied voltage for each antenna element had the same amplitude and phase in this study for simplicity.
B. CONDITIONS OF COMPUTATIONAL SIMULATION
The measurement plane was set to sufficiently large area of 401 × 401 points and the separation distance d was set to 5λ; in the region far from this distance, evanescent modes are sufficiently attenuated and are usually below the noise floor [7] . The resolution of the data plots was set to 8, 4, 2, and 1 mm for 15, 30, 60, and 100 GHz, respectively. Using the data plots at each frequency, the power density was reconstructed with data resolution smaller than 0.1λ: the resolutions were 2, 1, 0.5, and 0.2 mm for 15, 30, 60, and 100 GHz, respectively. The maximum values of S A at 1 mm≤ d ≤ 10 mm were estimated as described in the previous section and the reconstruction errors were derived using Eq. (8). Fig. 4(b) obtained by the near-field reconstruction technique qualitatively agreed with that obtained by the computational simulation, while different pattern of S was observed at d = 0.1λ, as shown in Fig. 4(a) . The difference was observed because the evanescent modes are dominant in the field at such close distance from the antenna (d = 0.1λ); the evanescent modes are approximated as zero in our reconstruction algorithm and is a cause of error for the assessment in reactive near-field as described in the section II. Table 1 . The figure shows that both the mean and the range of the reconstruction error decrease with increasing averaging area. Both were large for A < λ 2 , while the reconstruction errors were no larger than 0.32 dB for A ≥ λ 2 at the separation distances shown in the figure. Pfeifer et al. [20] reported the reconstruction errors for the assessment of the maximum S A using a different reconstruction technique; the mean error and its standard deviation for many types of antennas were reported to be 0.33 ± 0.22 dB at A = λ 2 and d = 0.2λ. The averaging area should be no smaller than λ 2 to obtain a reconstruction error comparable or superior to that reported in [20] . Hereafter, averaging areas of 4 and 1 cm 2 are used at frequencies up to and over 30 GHz, respectively.
These averaging areas are used in Japan RF exposure guidelines and are under consideration in revision of international guideline by ICNIRP [21] . A different averaging area is considered in the draft revision of the IEEE guidelines, i.e., an averaging area of 4 cm 2 is used at frequencies from 6 to 300 GHz [22] . The use of a larger averaging area decreases the reconstruction error, as shown in Fig. 5 . In other words, the use of an averaging area of 1 cm 2 over 30 GHz conservatively estimates the reconstruction error compared with the use of an averaging area of 4 cm 2 . Therefore, the results obtained here can also be applied even if the national regulations or international guidelines use a different averaging area of larger than 1 cm 2 over 30 GHz. Table 1 . Fig. 6 shows the reconstruction errors of the maximum S A with respect to the separation distance d at several frequencies. Overall, the reconstruction error tends to increase with decreasing d. The reconstruction error exceeds 0.4 dB for d ≤ 0.15λ, where the evanescent modes may impact on the determination of the electromagnetic field. The reconstruction error increases in reactive near-fields because evanescent modes are approximated as zero in our near-field reconstruction algorithm, which is a cause of error for the assessment in close proximity to the antenna, as described in section II.
V. REQUIREMENT FOR E-FIELD MEASUREMENT
The reconstruction error was previously demonstrated for a fixed size of the measurement plane with a sufficiently large area. However, the accuracy of the near-field reconstruction technique depends on the accuracy of E-field measurement and its conditions, such as the measurement resolution, the size of the measurement plane, and the sensitivity of the E-field probe. Thus, the contribution of the E-field measurement accuracy, in terms of the minimum detection limit of E-field measurement and phase measurement accuracy, to the maximum S A is investigated as follows.
A. MINIMUM DETECTION LIMIT
The near-field reconstruction errors in Fig. 6 were assessed using E-field data over a sufficiently large area to estimate the accuracy of the reconstruction technique only. Measurement for such a large area requires an enormous amount of time; thus, the guidance for the required size of the measurement plane should be clarified. The required size of the measurement plane will depend on the radiation pattern of the antenna. Therefore, the error relevant to the minimum detection limit (L min ) of the E-field probe was assessed considering the actual measurement scenario using a computational simulation as described in the previous section. Fig. 7 shows the contribution of L min to the assessment of the maximum S 4cm 2 for the antenna types in Table 1 VOLUME 7, 2019 FIGURE 7. Contribution of minimum detection limit L min to the reconstruction error. The mean values for the ten antennas listed in Table 1 are shown and the range of contributions are shown with error bars.
at 30 GHz. Here, the amplitude was set to zero in the E-field distributions at the measurement plane when the E-field amplitude was below L min for the peak RSS value. The figure indicates that the near-field reconstruction error markedly varies upon increasing L min from −30 to −20 dB. In addition, the contribution varies with both the antenna type and the separation distance d. The maximum contribution is approximately 0.2 dB or lower for the minimum detection limit of the measured E-field is −30 dB below its peak. Although a measurement area of 50λ × 50λ is required for a lowdirectivity antenna, such as a single-patch antenna, an area of 32λ × 32λ is typically sufficient to cover E-field distributions of −30 dB from the peak.
B. PHASE MEASUREMENT ACCURACY
The contribution of the measurement accuracy of the phase to the maximum S A was estimated by Monte Carlo simulation. Here, the phase distributions of E x and E y were determined from the following equation:
where E Ref denotes the E-field obtained by the computational simulation and ϕ error is the phase error, which was randomly determined assuming a normal distribution with the standard deviation σ at each position (x, y) on the measurement plane. After the phase distributions of E x and E y were obtained, the maximum S A was assessed. This procedure was iterated 1,000 times, and then the mean and standard deviation of the maximum S A were calculated as the contribution of the phase measurement accuracy and as its statistical variation, respectively. The following shows the contributions of σ to the assessment of the maximum S 4cm 2 obtained by the Monte Carlo simulation at 30 GHz and d = 0.2λ. The contributions for the ten types of antennas ranged 0.03±0.003, 0.12±0.01, and 0.49±0.03 dB for σ = 5, 10, and 20 degrees, respectively. The standard deviations of the contribution for 1000 iterations were no larger than 0.03, 0.05, and 0.11 dB for σ = 5, 10, and 20 degrees, respectively. The assessment was conducted for several values of d, while the variation in the contribution was no larger than 0.01 dB. Thus, it was found that the contribution of the phase measurement accuracy to the maximum S A was less sensitive to d and types of antennas compared with the reconstruction error (see Figs. 5 and 6 ). According to the order of the reconstruction error shown in Fig. 6 , it is recommended to suppress the phase measurement errors within 10 degrees, i.e., 20 degrees for expanded uncertainty with a 95% confidence level. Table 1 are shown, and the range of the errors is shown with error bars.
C. COMBINED ERROR OF POWER DENSITY ASSESSMENT
The accuracy of the assessment of the maximum S A including both the reconstruction error and the error factors relevant to E-field measurement was examined. The minimum detection limit L min was set to −30 dB from the E-field peak and the phase measurement accuracy was set to σ = 10 degrees, in accordance with the requirement clarified as above described. Fig. 8 shows the errors in the assessment of the maximum S 4cm 2 at 30 GHz and the reconstruction error investigated in Fig. 6 for comparison. The figure shows the mean values for the ten types of antennas listed in Table 1 and the range of the values is shown with error bars. The figure shows that the increase in the errors from the reconstruction error was over 0.2 dB at d ≤ 0.2λ and approximately 0.1 dB at larger d. The increase in the errors was comparable or smaller than the sum the contribution of the minimum detection limit and that of the phase measurement accuracy, i.e., the contributions relevant to the E-field measurement accuracy.
VI. DISCUSSION AND CONCLUSION
This study presented the accuracy of a method for estimating the power density for the compliance assessment of devices operating at quasi-MMW and MMW frequencies. A near-field reconstruction technique that reconstructs the power density from the measurement of two vector components of the electric field tangential to the measurement plane was focused on. Firstly, the near-field reconstruction technique was validated by comparing the power densities in close proximity to a standard horn antenna at 60 GHz obtained by measurement and computational simulation.
Secondly, the reconstruction error of the technique was assessed for several antennas and at several frequencies ranging from 15 to 100 GHz. It was found that the reconstruction errors were no larger than 0.32 dB for the assessment of the maximum spatially averaged power density under the conditions of A ≥ λ 2 and d ≥ 0.2λ; the reconstruction error is comparable to that for different techniques [20] .
The requirements for E-field measurement were also investigated. The results indicated that the measurement system requires a minimum detection limit of −30 dB below the measured E-field peak to assess the maximum S A and to suppress the phase measurement uncertainty within 20 degrees at a 95% confidence level. The combined error of the reconstruction and the field measurement was also investigated to assess the maximum S 4cm 2 at 30 GHz. The result indicated that the combined error of the reconstruction and those relevant to measurement is in the range of 0.37 ± 0.21 dB for several array antennas at a separation distance of 2 mm from the antenna.
The assessment was performed while fixing the separation distance of the measurement plane to 5λ from the antenna, because we expect that conventional measurement instruments, such as a E-field measurement systems with an open-ended waveguide probe, will be used in compliance assessments. Since the sufficient separation distance for the measurement plane, the error assessment of the reconstruction technique was conducted without considering the evanescent modes in the fields measured. However, the reconstruction error can be improved if a probe with a small sensor, such as a dipole probe, can be used and measurement can be performed in a much closer region, in which evanescent modes in the fields can be detected.
One of the benefits of the reconstruction technique is that the power density distribution can be estimated from the measurement at a plane or surface. This may allow the measurement procedure for the compliance assessment of devices to be simplified, which is particularly essential for the assessment of new wireless communication technologies, such as the 5G systems. These results may support the standardization of compliance assessment techniques for communication devices operating at quasi-MMW and MMW frequencies, which are expected to become widespread in the near future. 
